Granins are acidic proteins CO-localized with peptides in secretory granules of many endocrine cells. They are thought to participate in certain steps of the regulated secretory pathway. This is of particular interest in rat pituitary gonadotropes, which in most cases contain both gonadotropins (follicle-stimulating hormone, FSH and luteinizing hormone, LH) and two granins (duomogranin A, CgA and seaetogranin II, Sg 11) . Therefore, we investigated male rat gonadotropes ultrastructurally and for the cellular and subcellular localization of gonadotropinslgranins under normal conditions and after stimulation by luteinizing hormone-releasing hormone (LHRH) or castration. Typical gonadotropes of controls contained differently composed secretory granules: small granules showed immunoreactivity for LH and SgII and larger granules were immunoreactive for FSH and CgA and, to a lesser extent, for LH. Stimulated gonadotropes showed hypertrophy or hyperplasia and RIA for plasma LH levels showed a 30-70-fold increase. In stimulated cells a third type of 'ITV is the recipient of a fellowship from the Alexander von Hum-* Correspondence to: Prof. Dr. Dietrich Grube, Abteilung Anatomie boldt Foundation, Germany. 1 der MHH, 30623 Hannover, Germany. secretory granule became prominent. These "intermediate" granules had an electron-dense core immunoreactive for LH and SgII, whereas CgA labeling was confiied to a less electron-dense outer region. (In stimulated gonadotropes, FSH immunoreactivity could be shown effectively only at the light microscopic level.) Intermediate granules developed from structures resembling condensing pdcuoles. They began to exhibit their typical double structure as they budded off from the trans-Golgi network. It therefore appears that CgA and SgII participate in establishing two different routes of the regulated pathway in gonadotropes. Therefore, immunocytochemistry of the granins seems to be a suitable approach to investigating secretory pathways in these endocrine cells. (J fiktochem Cytochem 41:1801-1812, 1993) 
Introduction
Gonadouopes of the mammalian pituitary show structural and hormonal heterogeneity related to species, sex, age, and the pituitary region examined. Therefore, it has long been a problem how to clearly identlfy and classlfy these cells. More recent studies by immunocytochemistry and in situ hybridization proved that the majority of gonadouopes concomitantly synthesize and secrete both gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH) (7, 13, 36, 37, 54) . In the rat, under certain conditions, gonadotropins are secreted in a non-parallel manner (9, 12, 15, 38, 45) . This leads to the basic question ofwhether gonadotropes are equipped with presumably independent routes of the regulated secretory pathway. Mainly owing to methodical reasons (e.g., sensitivity of gonadotropin subunits to chemical fixation or potential crossreactivities of the antibodies used) (10,31), immunocytochemical studies with gonadotropin antibodies have been unable to completely resolve this problem.
When other constituents of secretory granules are also considered, the intracellular uafficking within gonadotropes can be evaluated more clearly. In normal adult male Wistar rats, two other secretory proteins, chromogranin A (CgA) and secretogranin I1 (SgII) , are localized separately to each of two subsets of secretory granules present in typical gonadotropes (57) . CgA is present in large granules, whereas SgII is localized within small granules. Hence, these proteins and their immunocytochemical demonstration seemed to be a potentially usefid tool for tracing different routes of the regulated pathway in gonadotropes. In addition, corresponding studies could provide new insights into the intracellular functions of the granins (28, 56, 58, 59) . Therefore, we have extended our morphological and immunocytochemical investigations of male rat pituitary gonadotropes to include conditions of acute and sustained stimulation. 
Materials and Methods
Animals and Experiments. The investigations were performed in male Lewis rats aged 8-16 weeks, divided into three experimental groups. Group A comprised control animals (n = 18) aged 8-16 weeks. The animals of Group B (n = 38), aged 8 weeks, were injected with a single dose ( 5 pg) of luteinizing hormone-releasing hormone (LHRH, synthetic) (Sigma; Deisenhofen, Germany) via the tail vein. They were divided into four subgroups which were sacrificed 10, 30, 60, or 120 min after injection. The animals of Group C (n = 43) were castrated at 8-12 weeks of age and divided into four subgroups, which were investigated at intervals of 1, 2, 4, or 8 weeks. The animal experiments were authorized under local government license No. 504-42502-91/417. Radioimmunoassay. To verify the stimulatory effect of the experimental manipulations on gonadotropes, plasma concentrations of LH were determined in duplicate by RIA in the controls and in the animals of each experimental subgroup ( Figure 1 ). Blood was collected by puncture of the abdominal aorta, immediately placed on ice, and centrifuged at 4'C. Plasma samples were stored at -20°C until assayed.
LH levels were assayed as described previously (34) with an antiserum provided by Dr. Leong (University of Virginia, Charlottesville, VA). LH levels were expressed in NIADDK RP2 units.
Tissue Preparation. For light microscopy, untreated controls (n = 4) and two animals from each experimental subgroup were sacrificed by cervical dislocation under light ether anesthesia. The pituitaries were quickly removed, cut into small pieces, and quenched in liquid nitrogen at -210'C (device according to Umrat; Leybold-Heraeus, Cologne, Germany). The specimens were freeze-dried at -35'C for 72 hr, f m d by vapor-phase diethylpyrocarbonate (60'C, 3 hr) (43) and embedded in epoxy resin (Araldite). Serial sections were cut at 0.5 p n and mounted on microscope slides (for details see 24). For routine electron microscopy, two controls and two rats from each experimental subgroup were anesthetized with pentobarbital (25 mg/kg, IP) and perfused with physiological saline, followed by a solution of 2% glutaraldehyde and 2% p-formaldehyde in 0.1 M cacodylate-HCI buffer, pH 7.2. Small pieces of the pituitaries were immersed in the same fmtive at 4°C for 24 hr and then post-fixed in 2% Os04 in cacodylate buffer. After embedding in Epon 812, thin sections were cut at ~5 0 nm on an ultramicrotome (Ultracut; Leica, Nussloch. Germany), mounted on copper grids, and contrast-stained with saturated aqueous solutions of uranyl acetate and lead citrate. For immunoelectron microscopy (two controls, two rats from each experimental subgroup), fixation by perfusion was performed with 4% p-formaldehyde in 0.1 M cacodylate-HC1 buffer, pH 7.2, containing 4% sucrose. Small specimens of the pituitaries were immersed in the same fixative at 4°C for 2 hr and embedded in Epon 812. Thin sections were placed on nickel grids. Specimens from the pars distalis of the pituitary (central area, close to the hypophyseal cleft) were investigated at both the LM and EM levels.
Antisera. The gonadotropes were identified with polyclonal antisera (rabbit origin) against human FSH (hFSH; code A573) (Dako; Carpinteria, CA) and against ovine LH-P (oLHP; generated by Dr. Wakabayashi, Gumma University, Japan). In RIA the hFSH antiserum crossreacts with LH (10%) (data sheet of the supplier). The oLHP antiserum (diluted 1:4000) in RIA crossreacts slightly with rat TSH (1%) and rat FSH (0.3%) (Dr. Wakabayashi; personal communication). Polyclonal antisera against rat granins included anti-chromogranin A (rCgA) and anti-secretogranin 11 (rSgII). Both antisera were generated by Dr. Fischer-Colbrie and Dr. Winkler (University of Innsbruck, Austria), and characterized previously by immunoblotting and immunocytochemical pre-adsorption tests (for characterization of these antisera see 2,21,25,48; see also below).
Immunocytochemistry. In the LM protocol, the semi-thin sections, after removal of the resin by sodium methoxide (40), were treated with 0.3% HzOz (20°C. 30 min) and then incubated with 2% non-immune goat serum (20"C, 30 min). They were then immunostained by the avidin-biotin-peroxidase complex (ABC) technique (27). Briefly, t h~s method included incubation of sections with the peptide or granin antisera (diluted 1:5000-1:20,000, 4°C. 24 hr), biotinylated goat anti-rabbit IgG (Vector; Burlingame, CA), 2O"C, 45 min), and ABC complex (Vector), 2O' C. 45 min), both diluted according to kit instructions. Reaction product was formed by use of 0.7 mM 3,Y-diaminobenzidine tetrahydrochloride (DAB) and 0.002% H202 in 0.05 M %is-HC1 buffer, pH 7.6 (10 min). Between the various steps of the protocol the sections were thoroughly rinsed in 0.01 M phosphate buffered 0.5 M saline, pH 7.6, containing 0.1% Twecn 20 (Sigma). For immunoelectron microscopy, thin sections collected on nickel grids were etched with 1% sodium methoxide for 30 sec (55) and incubated with 5% (17). The grids were incubated on a drop of diluted 15 nm-gold-labeled goat anti-rabbit IgG Uanssen; Beene, Belgium), 20T, 1 hr. For double immunostaining, the two-face technique of Bendayan (4) was applied (sizes of gold particles 5 nm and 15 nm). Between all steps ofthe protocol, the grids were rinsed in 0.02 M Es-HC1-buffered 0.5 M saline, pH 8.2, containing 0.1% bovine serum albumin. After the immunoreactions, the sections were contrasted with saturated aqueous solutions of uranyl acetate and lead citrate, and examined with a Zeiss (Oberkochen, Germany) EM-9 2s electron microscope.
Speciticity Controls. In LM immunocytochemistry, all immunoreactivities were successfully examined for method specificities by running the appropriate tests as recommended (24, 25, 49) . In hmunoelecuon microscopy, nonspecific adsorption of the reagents to thin sections was excluded by incubation ofthe sections with non-immune serum followed by gold-labeled IgG, with gold-labeled IgG alone, or with unlabeled IgG follmd by goldlabeled IgG. For pre-adsorption controls of the granin antisera, crude extracts from the b i n e or rat adrenal medulla were used. Ten pg of anract/ml diluted antiserum was sufficient to block the corresponding immunoreactivities (see also 2, 25) . In continued investigdtions the specificity of the present immunocytochemical findings on granins in gonadotropes was confirmed. During these studies, region-specific antibodies against CgA and SgII were applied and examined by liquid-and solid-phase adsorption with corresponding synthetic peptides. These antibodies recognize only the peptide that has been used as immunogen (T. Watanabe et al., submitted for publication).
Identificatzon of Gonadotropes
In LM, gonadotropes were identified by immunocytochemistry performed on serial semi-thin (0.5 Nm) sections which all passed through the same cells. The serial sections were sequentially immunostained for both gonadotropins (FSH, LH) and both granins (CgA, SgII). Confirming previous findings obtained in another rat strain (57), the majority of gonadotropes were bihormonal and contained both granins. The present study focuses on these "typical'' gonadouopes. They were also identified by LM in the pituitaries of LHRH-treated or castrated rats by the concomitant presence of all four immunoreactivities.
In routine EM, typical gonadotropes are characterized by their content of small and large secretory granules ( Figure 5a ) (see also 36, 54) . Owing to the fixation protocol necessary for immunoelectron microscopy (omission of glutaraldehyde, no osmification), large secretory granules were electron lucent and small granules showed moderate electron density (Figure 5b ). In accordance with LM im-1805 munocytochemistry, typical gonadouopes were immunoreactive for both gonadotropins and both granins (see below). Interestingly, gonadotropes were the only rat pituitary cells that exhibited CgA and SgII immunoreactivity (see also 14, 22, 57) . Therefore, granin immunoreactivity could be used as an additional marker for identification of gonadotropes.
Cytology of Gonadotropes
In the controls, gonadotropes were relatively frequent in the central area of the anterior pituitary ( Figure 2) . Ultrastructurally, the heterogeneous secretory granules of typical gonadotropes differed in their content of gonadotropins and granins. The larger granules were immunoreactive for FSH and LH, whereas the smaller granules were immunoreactive exclusively for LH (cf. 31,57). A distinct localization was observed for the granins: the larger granules were immunoreactive for CgA, and the smaller granules contained SgII immunoreactivity (Fig. 5 b) . Sporadically, granules combining structural features of both types of secretory granules were seen; they will henceforth be called "intermediate" secretory granules (Fig  ure 5a ).
After acute stimulation by LHRH, most of the gonadotropes became markedly enlarged. This was obvious about 30 min after LHRH injection and could be seen over a period of 2 hr ( Figure  3) . Concomitantly, plasma levels of LH showed an increase of up to 30-fold over the level of controls (Figure 1 ). By LM, almost all gonadotropes were immunoreactive for FSH, LH, CgA, and SgII.
After castration of the animals, gonadotropes increased progressively in number (cf. 32,33), and most were enlarged like those after acute stimulation (Figure 4 ). In this experiment, plasma LH levels showed a 60-to 70-fold increase compared with the values in control animals (Figure 1 ). Eight weeks after castration the majority of gonadotropes showed vesicular inclusions or the typical appearance of "castration cells" or "signet-ring cells" (cf 19,30).
Simultaneously, the proportion of typical gonadotropes decreased; they showed only hypertrophy but lacked vesicular inclusions (Fig  ure 4d ). By LM, almost all gonadotropes were immunoreactive for FSH, LH, and SgII. However, CgA immunoreactivity was less dense and restricted to typical gonadotropes. By EM, the acute stimulation of gonadotropes by LHRH resulted in signs of cell activation and increased protein synthesis, such as enlargement of the Golgi area and increased vesiculation of the endoplasmic reticulum ( Figures 6 and 7) . After chronic stimulation by castration, gonadotropes exhibited a pronounced diversity of changes, some of which were comparable to those after acute stimulation. Up to 4 weeks after castration, typical gonadotropes could easily be recognized. As the proportion of these cells decreased with time after castra- tion, other subtypes of gonadotropes became predominant. They included signet-ring cells containing small, moderately electrondense secretory granules (Figure 10) and cells with a well-developed vesicular endoplasmic reticulum but only a few small secretory granules.
Secretory Grander
A distinctive feature of typical gonadotropes stimulated by LHRH was their high content of the intermediate secretory granules. They had a mean diameter of 400 MI and consisted of an electron-dense core surrounded by a less electron-dense granulated matrix. These granules appeared about 30 min after application of LHRH and were frequently observed until 90 min later ( Figure 6 ). Intermediate granules seemed to replace most of the large, moderately electron-dense secretory granules seen in control gonadotropes (Figures 5a and 6 ). Intermediate-type granules were also found after sustained stimulation of gonadotropes. They were present in typical gonadotropes at all intervals after castration, i.e., between 1 week (Figure 8 ) and 8 weeks ( Figure 10 ) after gonadectomy. By immunoelectron microscopy, most intermediate granules showed a dense labeling for LH over the core but only weak LH immunoreactivity at their periphery (Figure 9a ). In addition, as in untreated controls, anti-LHP densely immunostained the subset of small secretory granules. Although FSH could be shown in stimulated gonadotropes by LM immunocytochemistry, we failed to locate it in secretory granules of these cells by the immunogold technique. Since at least in some cases intermediate secretory granules exhibited minor structural similarities with crinophagic bodies (47), the potential biogenesis of these granules was carefully examined. As far as could be judged from our electron micrographs, intermediate secretory granules are formed in the dilated rims of the tmm-most cisternae of the Golgi apparatus and show their typical appearance already when budding from there (Figure 7 ).
Granins in Secretory Grandes
As mentioned above, the control gonadotropes showed a unique distribution of the granins: CgA was confined to large granules and SgII was exclusively localized to small granules (Figure 5b ). This segregated localization of the granins to ultrastructurally discernible matrices was also maintained in typical gonadotropes after their specific stimulation. Then the electron-lucent compartment of intermediate secretory granules was immunolabeled for CgA, and their dense core (as in the small granules) was immunoreactive for SgII (Figures 9 and 10) . This specific distribution of the granins (and LH) was observed in all typical gonadotropes at all stages after acute and sustained stimulation.
Discussion
The most frequent gonadotropic cell type in normal male rat pituitary contains both gonadotropins (FSH, LH) and two granins (CgA, SgII), with different distribution between structurally discernible secretory granules. After stimulation these typical gonadotropes exhibited a further type of secretory granule that contained both CgA and SgII in suuctudy segregated regions. Therefore, the main points to be discussed pertain to the biogenesis of secretory granules in gonadotropes and to the potential role of the granins during this process.
Secretory Granules and Their Biogenesis
Within the regulated secretory pathway of endocrine cells, hormones and other secretory proteins or molecules aggregate in the trans side of the Golgi stacks, i.e., in the trans-Golgi network ('EN). Corresponding condensing vacuoles are enveloped by a membrane, thus forming immature secretory granules that later may fuse to become mature secretory granules (for reviews see 18,41).
In typical gonadotropes the existence of two structurally diverse subsets of secretory granules suggested two different routes of the gonadotropins in the regulated secretory pathway. Some immunocytochemical findings were seemingly in line with this assumption (31,42). However, results especially from experimental investigations indicated instead a structural and hormonal plasticity of secretory granules (8, 9, 13) . During the present investigation we could only incompletely examine the problem of hormonally diverse secretory granules. The FSH antiserum used, although appropriate for immunostaining of control gonadotropes and for LM immunocytochemistry of stimulated gonadotropes, was less effective for immunoelectron microscopy in stimulated gonadotropes. This might be due to the sensitivity of FSH or its subunits to the protocols used (cf. 11). Therefore, the granins were used as markers for the secretory compartments in gonadotropes. They clearly demarcate the secretory granules or corresponding granular matrices.
In other cells known to contain two subsets of granules (polymorphonuclear leukocytes), temporal and spatial segregation of secretory products within the Golgi network was observed (1). In the control gonadotropes of the present study, budding of secretory granules was only rarely seen. However, after stimulation of the secretory machinery in gonadotropes (application of LHRH, castration), we found no indication of separate development of the different types of granules in the E N . Instead, a third type of secretory granule became prominent that previously had not been described in stimulated gonadotropes (19, 47) . This intermediate secretory granule exhibited an electron-dense SgII-immunoreactive core and a moderately electron-dense CgA-immunoreactive outer region. Intermediate granules appear to develop by budding off Asterisk indicates a typical gonadotrope with intermediate-type secretory granules (arrows). As after acute stimulation by LHRH (d. Figure 9 ). CgA immunoreactivity is confined to the electron-lucent compartment of intermediate secretory granules and Sgll immunoreactivity is localized to their dense cores and to small secretory granules. SR indicates the peripheral part of a signet-ring cell (castration cell), the prevailing gonadotropic cell type at this interval after castration. SR cells contain mainly small secretory granules exhibiting less-dense labeling for Sgll and practically no labeling for CgA. Original magnification x 36,000. Bar = 500 nm. from the E N , and their structural compartmentalization is already visible within condensing vacuoles of the Golgi stacks. Provided that secretory pathways in hyperstimulated gonadotropes actually mimic physiological events, the present findings lead to the following working hypothesis on the biogenesis of their secretory granules (Figure 11) . Under normal conditions and in the stimulated state, sorting and concentration of secretory proteins occur in common condensing vacuoles within the E N . The developing immature (i.e., intermediate) secretory granule undergoes partition during or shortly after budding off from the TGN. Occasionally this partition may not occur. This could explain the presence of a few intermediate granules in normal gonadotropes. Under stimulated conditions the budding of secretory granules from the TGN is most probably accelerated to such an extent that in most cases partitioning fails to occur. Hence, stimulated gonadotropes contain mainly intermediate granules.
Putative Role of Granins
The granins or their breakdown products have been localized to a large variety of endocrine cells as regular constituents of their secre-tory granules (3, 58, 59) . Their proposed functions include a role as precursor proteins of newly discovered biologically active peptides (23,50,59), binding of Ca++ or monoamines (2,44), segregation of the regulated from the constitutive secretory proteins (6, 52, 53) , and interrelations with the intracellular pathways of resident peptides (5, 16, 29, 51) . In the anterior pituitary and in gonadotropes, granins are co-localized (3) and co-secreted (14,16) with glycoprotein hormones. Furthermore, different granins show sex-related differences in gene expression, and their mRNA levels are differentially regulated by gonadal hormones (20, 39) . The present findings add further particulars to the (functional?) heterogeneity of the granins. As shown in control gonadotropes, CgA and SgII were strictly confined to different types of secretory granules; CgA is largely co-localized with FSH, whereas SgII is co-localized with LH. In stimulated gonadotropes, both granins occurred in the same (intermediate) secretory granules but in topologically segregated regions. The significance of this latter distribution is as yet unclear. Interestingly, findings in other endocrine cells or cell lines indicated a function of SgII in sorting mechanisms of resident peptides (14, 26, 51) . Owing to methodological problems (see above), we have as yet not been able to examine correlatively the distribution of both gonadotropins in intermediate granules. Therefore, continued studies of gonadotropes need to show whether the peculiar localization of the granins indicates the existence of different routes of the regulated secretory pathway in these cells. In addition to gonadotropins, corresponding studies should also consider other proteins localized to gonadotropes, e.g., activins, inhibins and follistatin (35, 46, 60) .
